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ABSTRACT: Sorbitol is a useful agro-based substance that is inexpensive and commercially available. In the interest of adding value to
bio-based raw materials, we have synthesized polyurethanes from sorbitol and toluene-2,4-diisocyanate (TDI) through both conven-
tional heat and microwave processes. Relative to conventional heat, the microwave process achieved the same reaction at a faster rate,
thereby saving time and energy. The nature of the resulting polyurethane products depended on the stoichiometry of the reaction. At
increasing TDI levels, a viscous liquid, a soft gel, or a hard thermoset could be obtained. The polymers were fully characterized with
13C-NMR, Fourier transform infrared, size exclusion chromatography, and thermogravimetric analysis. The polyurethanes obtained near
the gel point could be used to make semiinterpenetrating polymer networks (semi-IPNs) with a second polymer, thereby imparting
some of the properties of the second polymer onto the sorbitol-based polyurethane. For illustration, the sorbitol-based polyurethane
semi-IPNs were made in combination with poly(vinyl pyrrolidone) and poly(lactic acid). © 2019 Wiley Periodicals, Inc. J. Appl. Polym. Sci.
2019, 136, 47602.
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INTRODUCTION
Polyurethanes are among the most common polymers being used
with a worldwide annual production of 17.9 million tonnes in
2015 and estimated to reach 26.4 million tonnes in 2021.1–3 The
application areas are numerous and wide ranging, including med-
ical, automotive, furniture and bedding, electronics, building,
construction, and footwear industries. They are usually made
through the reaction of a diol (or polyol) and a diisocyanate
(or polyisocyanate) in the presence of a catalyst. The most com-
mon diisocyanates are toluene diisocyanate (TDI, also known as
methylbenzene diisocyanate) and methylene diphenyl diisocya-
nate (MDI, also known as diphenylmethane diisocyanate). The
diols and polyols frequently used include hydroxyl-terminated
polyethers or hydroxyl-terminated polyesters.1–4 In view of the
current interest in developing safer, more sustainable and degrad-
able polyurethanes, carbohydrates have been employed as
replacements for the polyols. This approach has attracted a fair
amount of researchers and has been recently reviewed.5–7 In our
laboratories, we have taken advantage of microwave-assisted
methodology in combination with carbohydrates to synthesize
polyurethanes. Examples include polyurethanes derived from
starch and maltodextrin,8 cyclodextrins,9 xylan,10 and sucrose.11
Sorbitol is an agro-based substance, produced commercially by
the hydrogenation or reduction of glucose.12,13 Global sorbitol
market was valued at US$ 1.17 billion in 2016 and is expected to
reach US$ 1.59 billion in 2022; the largest producers are China,
the U.S., and western Europe.14,15 It is being utilized for a variety
of applications, such as, food, cosmetics, personal care, health-
care, and other industrial uses.12–15 For example, in food indus-
try, it is known as a sugar substitute,16,17 about 60% as sweet as
sucrose, but providing only 2.6 kcal g−1 versus the average 4 kcal
(17 kJ) for carbohydrates. It is also an important platform mole-
cule, from which a variety of different industrial chemicals can be
made.18,19
© 2019 Wiley Periodicals, Inc.
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An interpenetrating polymer network (IPN) comprises two or
more networks that are at least partially interlaced on a molecular
scale but not covalently bonded to each other and cannot be sep-
arated unless chemical bonds are broken.20 It is referred to as
semi-IPN or full IPN, depending on whether one or both of the
respective components are crosslinked.21 They can be prepared in
at least three ways: (1) by mixing two monomers, which are sub-
sequently (and often simultaneously) polymerized and cross-
linked; (2) by dissolving a monomer in a polymer network, the
monomer is then reacted to form the interpenetrating network;
and (3) by blending two polymers that are thermodynamically
miscible, followed by crosslinking. In particular, in the second
method, a semi-IPN can be formed where a monomer (or a com-
bination of comonomers) is polymerized in the presence of an
existing, second polymer.21 This is a good way to incorporate a
second polymer into a polyurethane, thereby achieving more
diverse properties due to the presence of the second polymer.
Previously, some semi-IPNs involving bio-based materials inter-
penetrated by polyurethanes have been reported.11,22,23
In this work, the ﬁrst goal was to prepare polyurethanes by react-
ing TDI (1) with sorbitol (2) (Scheme 1). As far as we know,
sorbitol-based polyurethanes (3) have not been previously
reported.
The polymers were prepared with both conventional heat and
microwave processes, and comparisons made of the two heating
methods. A second goal of this work was to use a similar process
to make semi-IPNs, incorporating sorbitol-based polyurethane
and a second polymer; for illustration, poly(vinyl pyrrolidone)
(PVP) and poly(lactic acid) (PLA) were chosen as the second
polymers. As an additional illustration, the PVP in the semi-IPN
was shown to be still fully capable of absorbing Nile Red dye
molecules. Because PLA and PVP are used in bio-medical appli-
cations, we hope that the semi-IPNs incorporating PLA and PVP
would help extend the utility of the sorbitol-based polyurethane
to the bio-medical areas.
EXPERIMENTAL
Materials
TDI and isopropanol were acquired from Fisher Scientiﬁc
(Pittsburgh, PA). Sorbitol and anhydrous N,N-dimethylformamide
(DMF) and PVP (Mw ~29 kDa) were purchased from Sigma-
Aldrich (Milwaukee, WI). PLA (Ingeo 2003D) came from Jamplast,
Inc. (Ellisville, MO); this was a high-molecular-weight polymer, with
reported Mn 114 kDa and Mw 182 kDa.24 Dimethylsulfoxide-d6
(d6-DMSO) was obtained from Cambridge Isotope Laboratories
(Andover, MA). Absolute ethanol was procured fromDecon Labora-
tories, Inc. (King of Prussia, PA). For the Nile red equilibrium study,
methanol (HPLC grade) was purchased from EMD Millipore
(Gibbstown, NJ), and Nile red, calcium chloride, and hydrochloric
acid from Sigma-Aldrich. Deionized water was used in the prepara-
tion of all aqueous solutions (Nanopure II, Sybron/Barnstead,
obtained through Thermo Fisher, Pittsburgh, PA).
Synthetic Procedures
For the conventional thermal synthesis of sorbitol-based polyure-
thanes, typically we placed 1.0 g dried sorbitol, a variable amount
of TDI (0.1–0.5 g), and 5.5 mL DMF in a heating and stirring
module (Reacti-Therm, from Thermo Fisher) with feedback con-
trol of the temperature. The reacting mixture was heated for
20 min at 145 C. After the reaction, the product was cooled
down, washed once with DMF, once with water, twice with etha-
nol or isopropanol and then heated at 70–80 C in a vacuum
oven overnight to remove residual DMF. The product was
obtained as a white granule-like material.
For semi-IPN synthesis involving PVP and PLA, 1.0 g sorbitol
and 0.5 or 1.0 g PVP (or PLA) were dissolved in 5.5 mL DMF in
a reaction vessel in the Reacti-therm module, and 1 g or 1.2 g
TDI was added at room temperature. The reaction mixture was
heated at 145 C with stirring for 20 min. The workup procedure
was the same as for the polyurethane synthesis: the product was
recovered by washing once with DMF, once with water, twice
with ethanol or isopropanol, and then heated at 70–80 C in a
vacuum oven overnight to remove residual DMF.
Microwave-assisted synthesis was carried out on a microwave
reactor (Biotage Initiator Microwave Synthesis Systems, from
Biotage AB, Uppsala, Sweden). For polyurethane, a typical proce-
dure entailed the addition of a stir bar, 5.5 mL of anhydrous
DMF, and 1.0 g of dried sorbitol into a 10–20 mL Biotage vial.
The mixture was stirred at room temperature for 30 minutes;
thereupon a variable amount of TDI (0.3–0.5 g) was added. The
Biotage reactor was programmed for 30-s prestirring and then
145 C heating at a predetermined time (typically 3–10 min).
(The microwave reactor automatically adjusted the power level to
maintain the set temperature.) The resulting polyurethane was
transferred into a beaker containing ethanol and worked up in
the same manner. For semi-IPN synthesis, the same procedure
was used, except that PVP or PLA was dissolved in the DMF
before TDI addition.
Analysis and Characterization
The 13C-NMRspectrawere recorded on aModel DRX 400 spectrom-
eter (Bruker Corporation, Karlsruhe, Germany) at ambient tempera-
ture using standard operating conditions. The 13C chemical shifts
were referenced to tetramethylsilane at 0 ppm. All samples were dis-
solved in d6-DMSO at >10% concentration.
Fourier transform infrared (FTIR) spectra were acquired on a Nicolet
iS10 spectrometer (Thermo Scientiﬁc Inc., Waltham, MA) equipped
with a Smart Orbit single bounce ATR accessory with a diamond
Scheme 1. Reaction of sorbitol and TDI to form the sorbitol-based polyurethane. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
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crystal. For each spectrum, 32 scans were collected at room tempera-
ture at a spectral resolution of 4 cm−1 between 600 and 4000 cm−1
using a DTGS detector and KBr beam splitter. Data were processed
with the Omnics software (version 9.2.98).
Thermogravimetric analysis (TGA) was conducted on a Model
Q500 analyzer (TA Instruments, New Castle, DE). Each sample
(~5 mg) was weighed into a tared, open platinum TGA pan. The
samples were analyzed in a nitrogen atmosphere by heating at
10 C min up to 600 C.
Size-exclusion chromatography (SEC) was performed using a Shi-
madzu Prominence LC system (Shimadzu, Kyoto, Japan) equipped
with refractive index (RI) and diode-array (UV) detectors. DMSO
was employed as the mobile phase and solvent for the samples. A
0.5% solution of each sample was prepared in DMSO. Each sample
was ﬁltered using a 0.45 μm syringe ﬁlter; 50 μL of sample was
then injected onto the SEC at a ﬂow rate of 0.5 mL min−1 using a
Phenogel 5 μ Linear (2) SEC column (Phenomenex, Torrance,
CA) at 60 C. Molecular weight calibration was carried out with
four dextran standards (1, 5, 12, and 25 KDa) and glucose
(Mn 180). Thus, the molecular weight range covered was from
180 to 25 000 Da.
Equilibrium Studies
Sorption experiments were conducted in 1 mL vials containing
1 mg of sorbent, Nile red (5 μg mL−1), 1 mL of aqueous calcium
chloride (10 mM, pH 5.5). Agitation was provided at 100 rpm
for 24 h at 25 C using a temperature-controlled orbital shaker.
Vials were centrifuged, and the supernatant was ﬁltered through
0.2 μm ﬁlters (PTFE). All experiments were performed in
triplicate.
Nile red concentrations between 5 and 0.05 μg mL−1 were deter-
mined via a HPLC-diode array detector (HPLC-DAD) with
detection at 560 nm (standard curve r2pH 5.5 = 0.991).
25 The Shi-
madzu HPLC system included a LC-20AT pump, SPD-M20A
diode array detector, and a CBM-20A communication bus model.
Injection was through a Rheodyne 7725 manual injector and
separation was achieved by a Phenomenex Luna 5 μm C18
Table I. Synthesis of Polyurethane with Different Sorbitol/TDI Stoichiometry. All Reactions were Done with 1 g Sorbitol and 5.5 mL DMF at 145 C with
Conventional heat for 20 min
Samples TDI (g) NCO/OH molar ratio Product Weight (g) Yield % Physical form in DMF
A1 0.1 0.035 - 0 Liquid
A2 0.2 0.070 0.10 8 Liquid
A3 0.3 0.105 0.27 21 Liquid
A4 0.4 0.139 0.37 26 Liquid
A5 0.5 0.174 0.83 48 Liquid
A6 0.7 0.244 1.08 59 Liquid
A7 0.8 0.279 1.15 69 Liquid
A8 0.9 0.314 1.59 83 visc. liquid
A9 1 0.349 1.88 94 Gel
A10 1.2 0.418 2.19 99 Solid gel
Figure 1. Size exclusion chromatography curves for four samples of sorbitol
polyurethanes (A3, A5, A9, A10) with increasing level of TDI used in syn-
thesis. [Color ﬁgure can be viewed at wileyonlinelibrary.com]
Figure 2. TGA data for polyurethane samples from sorbitol and TDI (A3,
A5, A9, A10) with increasing levels of TDI. [Color ﬁgure can be viewed at
wileyonlinelibrary.com]
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(2) 100 Å column (250 × 4.6 mm). The mobile phase consisted
of 93:7 methanol:water with a ﬂow rate of 1 mL/min. The percent
Nile red bound was calculated as follows:
%Nile red bound =
C0 –Ce
C0
X 100
where C0 is the initial concentration of Nile red and Ce is the
concentration of Nile red at equilibrium.
RESULTS AND DISCUSSION
Sorbitol Polyurethane Synthesis Via Conventional Heat
In our earlier studies,8–11 we knew that TDI would react satisfac-
torily with polyols in DMF at 145 C in 20 min. Because sorbitol
has multiple OH groups, the stoichiometry of TDI and sorbitol is
important to the reaction outcome. A study was ﬁrst done with
different TDI/sorbitol ratios using conventional heat (Table I). At
TDI/sorbitol weight ratio of 0.1–0.9 (samples A1-A8), the prod-
ucts in DMF were in the liquid form, albeit with increasing vis-
cosity. At TDI/sorbitol weight ratio of 1:1, the product in DMF
was a gel, and at the ratio of 1.2: 1 a hard gel that was partly
insoluble. The product yield varied from 8% at a TDI/sorbitol
ratio of 0.2 to nearly 100% at the ratio of 1.2. Except for sample
A10, all the samples were soluble in DMF and DMSO.
The molecular-weight distributions of selected samples of the
polyurethanes are given in Figure 1. For sample A3 (TDI/sorbitol
ratio of 0.3:1), the SEC curve showed two peaks, one correspond-
ing to the unreacted sorbitol (with molecular weight of 182 Da),
and one comprising sorbitol carbamate and polyurethane oligo-
mer (with molecular weights up to 2000 Da); from the peak
areas, about one-half of the sorbitol had formed the oligomer.
For sample A5 (TDI/sorbitol ratio of 0.5:1), a broad and complex
SEC curve was found, consisting of unreacted sorbitol at 182 Da
and a range of products with molecular weights up to 10 000 Da.
For sample A9 (TDI/sorbitol = 1:1), unreacted sorbitol was
almost all gone, and a broad molecular weight range from 200 to
60 000 Da was obtained in the SEC curve. For sample A10
(TDI/sorbitol = 1.2:1), most of the sample appeared to be insolu-
ble; the SEC curve only reﬂected the soluble part of the product,
which showed a broad molecular-weight distribution. The trend
in molecular weights was not unexpected. As the TDI/sorbitol
ratio increased, more polyurethane bonds should be formed,
leading to polymers with increasing molecular weights.
The same samples were studied by TGA (Figure 2). The weight
loss around 100 C was due to water evaporation. Samples A3
and A5 showed weight loss at around 200–240 C probably due
to the degradation of sorbitol and sorbitol oligomer. Sorbitol is
known to degrade to sorbitan and isosorbide,26,27 and the reac-
tion can be more complex with trace water present.28,29 Further
weight loss at around 310–330 C was due to degradation of the
polyurethane; the polyurethane degradation temperature for these
samples was somewhat high, perhaps due to the polyurethane
being partially surrounded by the degraded sorbitol. Samples A9
and A10 exhibited more typical polyurethane degradation and
weight loss at around 270 C.8–10
Microwave-Assisted Sorbitol Polyurethane Synthesis
We next used microwave process to carry out the polyurethane
synthesis. The TDI/sorbitol weight ratio of 1.2: 1 was ﬁrst used,
and the microwave time was set at 3, 5, and 10 min (Table II).
Even at 3 min (sample B1) the yield was close to 100%. At
3–4 min of reaction time, four TDI/sorbitol weight ratios (sam-
ples B4–B7) were used to obtain polyurethane via microwave.
The results (Table II) indicated that almost the same yields were
obtained as those with conventional heat. Because the same
temperature (145 C) was used for both conventional heat and
microwave, the similar yields observed for both modes of heat-
ing are perhaps not surprising. Microwave seems to enhance the
rate of the reaction (relative to conventional heat), while
the product yield and the polyurethane structure (vide infra) are
similar.
Given in Figure 3 are the 13C-NMR spectra of two samples made
with conventional (sample A9) and microwave heat (sample B6)
using the same sorbitol/TDI ratio. The two spectra were similar in
appearance, suggesting that a similar polymer structure was
obtained. Detailed spectral assignments were made from empirical
shift additivity rules30,31 and from appropriate references in the liter-
ature. For sorbitol, we used the values reported by Pallagi et al., 32
with the 13C shifts of C1, C2, C3, C4, C5, and C6 given as 62.7, 69.5,
70.9, 70.9, 72.3, and 62.3 ppm, respectively. It was known that the
13C shift of the sugar-like molecules did not change very much with
the substitution of OH with carbamate,10,33 which resulted in line
broadening and somewhat more complicated spectral pattern in the
range of 60–80 ppm. The 13C assignments of the polyurethane peaks
derived from toluene were reported previously,8–11 consisting of ure-
thane carbon at 155 ppm, and the toluene carbons at 136 and
Table II. Synthesis of Polyurethane with Different Sorbitol/TDI Stoichiometry. All Reactions were Done with 1 g Sorbitol and 5.5 mL DMF at 145 C with
Microwave at Various Lengths of Time
Sample TDI (g) NCO/OH molar ratio Microwave time (min) Product Weight (g) Yield % Physical form in DMF
B1 1.2 0.418 3 2.20 100 Solid gel
B2 1.2 0.418 5 2.13 97 Solid gel
B3 1.2 0.418 10 2.20 100 Solid gel
B4 0.8 0.279 4 0.87 68 Liquid
B5 0.9 0.314 3 1.65 87 visc. Liquid
B6 1 0.349 3 2.00 100 Gel
B7 1.2 0.418 3 2.14 97 Solid gel
ARTICLE WILEYONLINELIBRARY.COM/APP
47602 (4 of 8) J. APPL. POLYM. SCI. 2019, DOI: 10.1002/APP.47602
138 ppm (carbons 2 and 4), 131 ppm (carbon 6), 127 ppm (carbon
1), 115 ppm (carbons 3 and 5), and 18 ppm (methyl). These assign-
ments have been directly noted in Figure 3(a).
The FTIR spectra for the same two samples A9 and B6 are shown in
Figure 4(a,b), respectively. The spectral features are again similar.
Spectral assignments can be made from relevant papers in the litera-
ture. For sorbitol, the peaks at 1046 and 1080 cm−1 were assigned to
C OH stretching vibrations, and the peaks at 890 and 1411 cm−1
assigned to the in-plane and out-of-plane bending vibrations of
O H bonds, respectively.34,35 The urethane peaks could be found at
1726 cm−1 (free C O of urethane), 1704 cm−1 (hydrogen-bonded
C O of urethane), 1530 cm−1 (N H of urethane), and 1240 cm−1
(C O of urethane).8,36–38 The peak at 1600 cm−1 corresponded to
C C stretching vibration in the toluene aromatic ring.39
Figure 3. 13C NMR spectra of (a) sample A9—sorbitol-TDI product from conventional heat, (b) sample B6—sorbitol-TDI product from microwave,
(c) sample Q2—semi-IPN polyurethane with PVP, (d) sample T2—semi-IPN polyurethane with PLA. T = toluene moiety, S = sorbitol moiety, V = PVP,
L = PLA, D = d6-DMSO, F = DMF.
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Semi-IPNs
An advantage of the semi-IPN synthetic approach is that no cova-
lent bond is needed between the polyurethane and the second
polymer. In this work, the second polymers chosen were PVP and
PLA. PVP is a versatile polymer noted for its water solubility, high
chemical and thermal resistance, good wetting, binding, ﬁlm-
forming properties, and ease to complex with dye and drug mole-
cules.40 PLA is a bio-based, biodegradable and biocompatible poly-
mer that has been used in medical areas as sutures, stents, drug
carrier, and orthopedic devices, and in a number of bioplastic
applications such as textiles and packaging.41,42
As it turned out, the synthesis of sorbitol polyurethane semi-IPNs
with PVP and PLA was fairly straightforward, as both PVP and
PLA are soluble in DMF. Thus, PVP and PLA were added at two
levels of TDI at (or slightly past) the gel point of sorbitol polyure-
thane; these corresponded to TDI/sorbitol ratios of 1.0 and 1.2.
For PVP, the semi-IPN yields varied from 68 to 82% (Table III).
For PLA, the yields were slightly higher, 72–91% (Table IV). The
yields were approximately the same whether we used conventional
heat or microwave. Again, microwave-assisted reaction could be
achieved at a shorter time (3 min). All the semi-IPN products with
PVP were viscous liquids in DMF, but the semi-IPN with PLA
were solids, reﬂecting the nature of the second polymer.
TGA curves of the sorbitol polyurethane and two semi-IPN samples
(all made with microwave) are shown in Figure 5. The curve for the
semi-IPN with PLA (sample T2) was rather similar to the curve for
sorbitol polyurethane by itself (sample B6). It is known that PLA
thermally degrades at around 250–350 C.43,44 The PLA degradation
is close enough to that of polyurethane degradation such that one
weight loss event was observed on the TGA at around 300 C. In
contrast, PVP was reported to degrade at around 400 C.45,46 Thus,
the TGA curve for the sorbitol polyurethane semi-IPN with PVP
Table III. Synthesis of Sorbitol Polyurethane semi-IPN with PVP; all Reactions Done at 145 C on 1 g Sorbitol in 5.5 mL DMF, with Variable Amounts of
TDI and PVP
Sample PVP (g) TDI (g) Heating method Time (min) Final product weight (g) Yield %
P1 0.5 1 Conventional 20 1.72 69
P2 1 1 Conventional 20 2.19 73
P3 0.5 1.2 Conventional 20 2.10 78
P4 1 1.2 Conventional 20 2.57 80
Q1 0.5 1 Microwave 3 1.70 68
Q2 1 1 Microwave 3 2.15 72
Q3 0.5 1.2 Microwave 3 2.21 82
Q4 1 1.2 Microwave 3 2.58 81
Table IV. Synthesis of Sorbitol Polyurethane semi-IPN with PLA; all Reactions done at 145 C on 1 g Sorbitol in 5.5 mL DMF, with Variable Amounts of
TDI and PLA
Samples PLA (g) TDI (g) Heating method Time (min) Final product Weight (g) Yield %
S1 0.5 1 Conventional 20 2.18 87
S2 1 1 Conventional 20 2.30 76
S3 0.5 1.2 Conventional 20 2.41 89
S3 1 1.2 Conventional 20 2.92 91
T1 0.5 1 Microwave 3 2.15 86
T2 1 1 Microwave 3 2.15 72
T3 0.5 1.2 Microwave 3 2.25 83
T4 1 1.2 Microwave 3 2.67 83
(a)
(b)
(c)
(d)
Figure 4. FTIR spectra of (a) sample A9—sorbitol-TDI product from con-
ventional heat, (b) sample B6—sorbitol-TDI product from microwave,
(c) sample Q2—semi-IPN polyurethane with PVP, (d) sample T2—semi-
IPN polyurethane with PLA.
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(sample Q2) showed two weight loss events, one at about 265 C for
the polyurethane degradation and one at 420 C for PVP
degradation.
The 13C-NMR spectra of the semi-IPNs containing PVP and PLA
are shown in Figure 3(c,d). The spectra appear to be the superposi-
tion of the spectra of the sorbitol polyurethane and the second poly-
mer. The 13C-NMR assignments for the PVP spectrum were
previously reported.47,48 The backbone methine (α) resonated at
about 46 ppm, methylene (β) at about 35 ppm, and the ring carbons
C1 at ~175 ppm, C2 at ~32 ppm, C3 at ~ 19 ppm, and C4 at ~
44 ppm. The 13C assignments for PLA were straightforward; only
three carbon signals were present, corresponding to the carbonyl at
170 ppm, the methine at 69 ppm, and the methyl at 17 ppm.49,50
These peak assignments for PVP and PLA have been noted in
Figure 3(c,d) respectively.
The FTIR spectra for the same semi-IPN materials are shown in
Figure 4(c,d). Again the spectra could be interpreted as the super-
position of the spectra of the sorbitol polyurethane and the second
polymer. In Figure 4(c), in addition to the peaks from sorbitol-
based polyurethane, there were PVP peaks at 2960 cm−1 (C H
asymmetric stretching), 1662 cm−1 (C O stretching), 1432 cm−1
(pyrrolidone group absorption), 1285 and 1018 cm−1 (C N vibra-
tions).51,52 For semi-IPN with PLA (Figure 4(d)), in addition to
the peaks from sorbitol-based polyurethane, distinctive peaks could
be found at 1760 cm−1 (C O stretching), 1185 cm−1 (C O C
stretching), and peaks at 1452, 1380, and 1130 cm−1 (vibrations
associated with methyl).53 The diagnostic peaks have been anno-
tated in Figure 4(c,d).
Nile Red Equilibrium Study
One question may be asked of the sorbitol polyurethane semi-IPN
whether the second polymer still retains its distinctive properties
after being incorporated into the semi-IPN. For example, PVP is
known to bind to dye, fragrance, and drug molecules.40 It is help-
ful to know whether the PVP in the semi-IPN is still capable of
such binding. An evaluation was made to measure the binding
capacity of the PVP in the semi-IPN for the Nile red dye. From
the data shown in Table V, it is clear that the PVP semi-IPN could
indeed bind a signiﬁcant amount of Nile red dye. Increasing the
amount of PVP increased the level of binding of Nile red. The
high binding capacity for Nile red suggests that the PVP semi-
IPNs can be used directly as carriers for dyes, fragrance, and drug
molecules.
CONCLUSIONS
This work is part of our efforts to use inexpensive, agro-based,
and commercially available raw materials to produce new value-
added derivatives. We have focused on sorbitol in this work and
shown that polyurethanes can be readily made from it through
conventional heat or microwave; the microwave process is faster
and can reduce energy usage. The TDI/sorbitol ratio needs to be
customized in order to provide the molecular weight and physical
form needed for a given application. The chemical structures of
the sorbitol polyurethanes produced from conventional heat and
from microwave are similar. Furthermore, we have shown that
the sorbitol polyurethane is a convenient matrix to produce
semi-IPNs via the incorporation of a second polymer. In this
way, the second polymer can impart additional properties to the
polyurethane semi-IPN. As examples, we have incorporated PVP
and PLA into sorbitol-based polyurethanes. Moreover, PVP in
the semi-IPN has been shown to adsorb an organic dye, thus
potentially serving as a carrier for this dye compound (and possi-
bly for other materials as well). With the use of similar synthetic
procedures, more semi-IPN’s involving other selected polymers
may also be made.
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Table V. % Nile Red Bound (5 μg mL−1) on semi-IPN Consisting of Sorbi-
tol Polyurethane and PVP (1 mg) in 10 mM Calcium Chloride (pH 5.5)
Sample #
Semi-IPN components
% Nile red
boundSorbitol (g) PVP (g) TDI (g)
P3 1 0.5 1.2 82.0  3.6
P4 1 1 1.2 88.0  2.8
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